We show that the stochastic evolution of an interacting system of the Higgs and a spectator scalar field naturally gives rise to an enhanced probability of settling down at the electroweak vacuum at the end of inflation. Subsequent destabilization due to parametric resonance between the Higgs and the spectator field can be avoided in a wide parameter range. We further argue that the spectator field can play the role of dark matter.
Introduction
The mass of the Higgs measured at the Large Hadron Collider, m h = 125.09 ± 0.21 ± 0.11 GeV [1] , along with the top quark mass m t = 173.34 ± 0.76 ± 0.3 GeV [2] , indicates that the effective Higgs quartic coupling λ eff (h) for h v ≈ 246 GeV, with the effective potential
becomes negative at an energy scale Λ = 10 10 -10 11 GeV, much bigger than the electroweak scale [3, 4] if the standard model is valid up to such high energy scales. Thus beyond Λ the Higgs potential develops a true minimum with a large negative energy density, implying that the electroweak vacuum is only metastable. Although absolute stability is excluded at 99% confidence level, the lifetime for the tunneling from the electroweak vacuum to the true vacuum at large field values is longer than the age of the universe [5] .
However, the cosmological evolution of the Higgs during inflation in the early universe makes the possibility of dwelling in the electroweak vacuum very unlikely [6] [7] [8] [9] [10] . If the Higgs is only coupled to the standard model particle species, it can be treated as an effectively massless scalar field during inflation. Then the Higgs acquires quantum fluctuations of O(H inf ) with H inf being the Hubble parameter during inflation. The current bound on the tensor-to-scalar ratio r 0.05 < 0.07 at 95% confidence level [11] gives
where A R ≈ 2.21 × 10 −9 is the amplitude of the power spectrum of the primordial curvature perturbation at k = 0.05/Mpc [12] and m Pl ≈ 2.43×10
18 GeV is the reduced Planck mass. Thus, even if initially at the electroweak vacuum near the origin, after inflation the Higgs is very likely to be located in the unstable region due to large quantum fluctuations of δh = O(H inf ) Λ. A number of solutions to this problem has been suggested, e.g. by introducing a non-minimal coupling to gravity [6, 13] , a direct coupling to the inflaton [14] or both [15] , a finite temperature effect [16] , or a Hubble-induced mass [17] .
In this article, we present a novel aspect for stabilizing the Higgs during inflation. Introducing a (gauge-singlet) scalar spectator field S that couples to the Higgs as λ hS h 2 S 2 , we find that the stochastic dynamics with this quartic interaction gives rise to a strongly enhanced probability of settling down at the electroweak vacuum at the end of inflation. The stability of the Higgs in the presence of a coupled singlet has been studied before, but we do not require a significant change of the renormalization group equations [18, 19] , a large vacuum expectation value of the singlet [20, 21] or Planck-suppressed interaction [22] to make the Higgs potential absolutely stable. Furthermore, even after possible parametric resonance after inflation we still have a good chance of stable electroweak vacuum compared to the case with the Higgs-inflaton and non-minimal couplings [23] [24] [25] [26] . We also find that for a stable singlet whose lifetime is longer than the age of the universe, depending on reasonable choices of the parameters in the Lagrangian, the singlet scalar whose interaction with the Higgs stabilizes the electroweak vacuum can also play the role of dark matter [27, 28] .
Multi-field stochastic dynamics during inflation
Let us consider a singlet extension of the standard model with the following potential for the Higgs field h and the singlet spectator field S:
Precisely speaking, λ S and λ hS also depend on the energy scale. However, they do not change drastically and we approximately set them constant. In what follows, we use scale-independent values for λ S and λ hS . In addition, we assume the singlet mass m S is much smaller than H inf and neglect the second term in our analysis. Throughout this article, we focus on relatively large inflation scale where the quantum fluctuation is a dominant force to drive the Higgs field out of the metastable region. Then we adopt stochastic approach via Fokker-Planck equation and neglect tunneling by Coleman-de Luccia [29] and Hawking-Moss instanton [30] . Under the slow-roll approximation, a slowlyvarying course-grained field φ = {h, S} is described by stochastic classical theory with the Langevin equation including a stochastic Gaussian noise. Then the evolution of the probability distribution function P (h, S, N ) for the Higgs and the spectator to have values h and S respectively at the e-folding number N is described by the Fokker-Planck equation [31] :
Note that cross-derivative terms are absent because the quantum fluctuation for each field is independent. In what follows, we assume for simplicity that during inflation the Hubble parameter takes a constant value, H inf . Also, for computational simplicity, we set the initial conditions for the probability distribution as P (h, S, 0) = δ(h)δ(S), i.e. we assume that both the Higgs and the singlet field are placed at the origin initially. Note however that the distribution at later times is not sensitive to the initial distribution because of large effective masses for both fields ∼ √ λ hS H inf , and the mean field values quickly approach to zero. Eq. (4) can be approximately solved by invoking the separation of variables [6] . Let us decompose the probability distribution into the time-dependent and field-dependent parts, P (h, S, N ) = Ψ(N )Φ(h, S). Then, we have Ψ ∝ e −αN where α is constant to be determined by boundary conditions. Assuming the quantum fluctuation represented by the second term in the square brackets in (4) dominates over the classical motion, we obtain
Here we impose the boundary conditions adopted in [8] in such a way that the probability vanishes where the classical motion
becomes larger than the quantum fluctuations δφ qm = H inf /(2π). If the classical motion becomes dominant in the unstable region, the Higgs quickly rolls down to the true vacuum with large negative potential and the space-time in such a region turns to the anti de Sitter space, leading to a crunch. On the other hand, even in a stable region, the classical force pulls the field back immediately after the quantum force kicks the field outside the region with δφ qm > δφ cl . Thus, the field never takes a value beyond the boundary. Explicitly, we set the boundary conditions as
Taking into account the above boundary conditions and the axisymmetric property of the probability distribution P (h, S, N ) = P (−h, S, N ) = P (h, −S, N ), the general solution of (5) is a superposition of sinusoidal mode functions:
A nm cos π n + 1 2
Then, α is parametrized by the integers n and m as
A nm can be determined by the initial distribution. Substituting P (h, S, 0) = δ(h)δ(S), we obtain A nm = 1/(Λ h Λ S ) and hence
Let us consider the probability to realize our metastable universe at the end of inflation. The survival probability is calculated as
where Λ max = Λ max (S) is the critical value of h where the Higgs potential is maximized. From ∂V /∂h(Λ max , S) = 0, we can obtain
where for the second approximate equality we have used −∂λ eff /4∂ log h − λ eff ≈ −0.01 which is valid for h much larger than the conventional instability scale Λ ∼ 10 10 -10 11 GeV. By using the analytic solution (9), we can easily integrate the survival probability (10), yielding
where β ≡ Λ max /S, and p and q are numerical fudge factors both of which are 1 in the above analytic estimation, but we adjust them to fit to the numerical results. Figure 1: Equal probability contours corresponding to 68% (blue) and 95% (green) inside them. We have taken H inf = 10 11 GeV, N = 60, λ S = 0.01 and λ hS = 0.1 (10 −4 ) in the left (right) panel. The solid red lines represent the local maximum of the potential and the right side of the hatched region corresponds to the unstable region. The magenta and cyan dotted lines correspond to the boundary for h and S respectively beyond which δφ cl > δφ qm so that stochastic approach is no longer valid.
We have numerically solved the Fokker-Planck equation (4) under the same initial conditions and boundary conditions. Figure 1 shows contours of equal probability in h-S plane. For large λ hS , the probability distribution is deformed in such a way that both h and S cannot have large values simultaneously. More importantly, the critical value of h maximizing the Higgs potential is proportional to S as shown in (11) . It makes the electroweak vacuum stabilization more likely even in a case with small λ hS . Figure 2 shows the survival probability at N = 60 from the beginning of inflation. It shows a significant enhancement of the survival probability even with small λ hS . We have found that the analytic solution (12) shows a good agreement with numerical results for p = 2 and q = 5.
Post-inflationary evolutions
Let us consider the survival probability taking into account the post-inflationary evolution. Soon after the end of inflation, the equations of motion for the Higgs and the singlet in a flat Friedmann universe are given bÿ For computational convenience, we approximate the value inside the parenthesis in (13) as constant by
with λ = 0.01 and Λ = 10 10 GeV. Note that as long asλ eff takes a positive value, the amplitude of each field decreases inversely proportional to the scale factor. Because we assume m S H inf so that the theory is nearly conformally invariant, parametric resonance occurs efficiently [33] in such a way that the oscillations of the singlet can cause the Higgs instability when it crosses zero, leading to the catastrophic destabilization even if the Higgs was stable before. We have numerically analyzed the post-inflationary dynamics in the above setup assuming matter domination with H = 2/(3t), and obtained a stability chart as shown in Figure 3 . The horizontal and the vertical axis correspond to the initial values of h and S just after inflation. We have found that for the zero modes the red region is stable, which is also supported by the two-dimensional lattice computations denoted by the blue dots, for each of which we have initially added a Gaussian random noise with the standard deviation H inf /(2π).
The survival probability taking into account the instability caused by parametric resonance between zero modes after inflation is shown in Figure 4 . As can be seen, the probability exhibits oscillations for different values of λ hS , corresponding to the stability and instability bands: when λ hS /λ eff falls into the instability bands of the Lame equation [34] , parametric resonance occurs for h so that it may leave the stable region. The survival probability decreases for such values of λ hS . Away from such λ hS , however, still the electroweak vacuum has a good chance of stabilization, even for H inf = 10
13 GeV with probability ∼ 0.1. Figure 4 : Survival probability well after the end of inflation in terms of λ hS . We have taken λ S = 0.01 and H inf = 10 13 GeV (circle), 10 12 GeV (square) and 10 11 GeV (triangle). Each solid line with same color corresponds to the probability at the end of inflation without destabilization due to parametric resonance.
Discussions and conclusions
We have studied a novel aspect for stabilizing the Higgs during inflation. With a singlet scalar coupled to the Higgs, the stochastic dynamics naturally gives rise to an enhanced probability of stable electroweak vacuum after inflation. In addition, the electroweak vacuum can survive the parametric resonance after inflation without suppressing the coupling. Furthermore, if the singlet is stable protected by Z 2 symmetry as we have discussed in this article, it can also take a role of present cold dark matter component [27, 28] . Although there is a stringent constraint on such a Higgs portal dark matter from collider and direct detection experiments, there still exist viable windows, m S 500 GeV and λ hS 0.1 or m S ∼ m H /2 and λ hS ∼ 10 −3 -0.1 [35, 36] . We have seen that, in such a parameter region, the probability for stabilizing the electroweak vacuum can be significantly enhanced even for large H inf compared with the conventional case, which means that the Higgs portal dark matter scenario is compatible with high-scale inflation scenarios.
Our scenario is attractive two-fold. First, other than the inflaton sector which we do not specify, we have only introduced a singlet scalar which can serve as dark matter, and thus our approach is minimal yet very effective. Furthermore, without invoking contrived potential or non-renormalizable interactions, the Higgs can stochastically land in the electroweak vacuum, so our scenario offers a natural solution to the Higgs stability via its cosmological evolution, especially for the high-scale inflation models. Investigating post-inflationary thermal history including the interaction between the Higgs and other standard model particles should give more information on the cosmological history of the Higgs.
